Background/Aims: MiR-302b is a major microRNA found in human embryonic stem cells and induced pluripotent stem cells. However, its function in gastric cancer progression remains unclear. Methods: Quantitative reverse transcription-PCR was performed to detect the expression levels of miR-302b-3p in gastric cancer tissues. MTT, colony formation, and flow cytometer analyses were conducted to explore the function of miR-302b-3p in MKN-45/ SGC-7901 cells. A dual-luciferase reporter was used to validate the bioinformatics-predicted target gene of miR-302b-3p. Western blotting and RNA interference were used to evaluate the expression of the AKT signaling pathway and determine the mechanisms underlying miR-302b-3p-induced anti-tumor effects. Results: MiR-302b-3p expression was decreased in gastric cancer tissues and cell lines. Enforced expression of miR-302b suppressed cell proliferation and cell cycle G1-S transition and induced apoptosis. IGF-1R was found to be a direct target of miR-302b-3p, and silencing of IGF-1R resulted in the same biological effects as those induced by miR-302b-3p overexpression in gastric cancer cells. Importantly, both overexpression of miR-302b-3p and silencing of IGF-1R decreased AKT phosphorylation, which modulated AKT related cell cycle regulators (cyclin A2, cyclin D1, CDK2, and CDk6) and apoptotic protein Bax/Bcl-2. Conclusion: These results indicate the tumor suppressor role of miR-302b-3p in the pathogenesis of gastric cancer.
MicroRNA-302b-3p Suppresses Cell Proliferation Through AKT Pathway by Targeting IGF-1R in Human Gastric Cancer

Introduction
Gastric cancer (GC) is one of the most frequent malignancies and second most common cause of death from cancer worldwide [1] . The development and progression of GC is thought to be a multistep process involving the accumulation of several genetic mutations and alterations in proto-oncogenes or tumor-suppressor genes [2, 3] . Unfortunately, most patients with GC have poor prognosis because this cancer is typically diagnosed at a late stage of disease. Therefore, further insight into the molecular mechanisms underlying GC progression may identify novel therapeutic targets and improve the prognosis of GC.
MicroRNAs (miRNAs) are endogenous noncoding RNAs of 19-24 nucleotides in length, which could regulate hundreds of target genes by binding to the 3′ untranslated region (UTR) that may result in mRNA degradation or translational repression [4] . Aberrant expression of miRNAs has been well-described in many types of tumors, including leukemia [5] , breast [6] , prostate [7] , and ovarian [8] cancers. Numerous miRNAs associated with GC have been identified. Recently, we and others have identified some miRNAs that are deregulated in GC, such as down-regulation of miR-338-3p [9] , miR-429 [10] , and miR-449a [11] and upregulation of miR-21 [12] and miR-106a [13] . In this study, we found that miR-302b-3p is one of the most frequently down-regulated miRNAs in GC tissues and cell lines. MiR-302b functions as a tumor-suppressor in different types of cancers, include in lung [14] , liver [15] , and colon cancer [16] . The role of miR-302b-3p and its underlying mechanisms in GC remain unclear.
Here, we found that miR-302b-3p significantly inhibits GC SGC-7901/MKN-45 cell proliferation through the AKT pathway by targeting insulin-like growth factor 1 receptor (IGF-1R) via its 3′ UTR. Furthermore, miR-302b-3p induced SGC-7901/MKN-45 cell cycle transition arrest in the G1-S phase, promoted cell apoptosis, and subsequently interrupted AKT-related cell cycle and apoptotic regulators. Silencing of IGF-1R had similar cellular and molecular effects as miR-302b-3p overexpression had. These finding reveal the tumorsuppressor roles of miR-302b-3p in GC progression, which may be used to develop a beneficial strategy for future cancer therapy.
Materials and Methods
Human tissue samples and cell lines
The immortalized gastric epithelial cell lines (GES-1) and human gastric cancer cell lines (SGC-7901 and MKN-45) were maintained in the Key Laboratory of Environment and Genes Related to Diseases at Xi'an Jiaotong University. Cells were cultivated in Dulbecco's Modified Eagle Medium (PAA Laboratories GmbH, Etobicoke, Ontario, Canada) supplemented with 10% fetal bovine serum (PAA Laboratories GmbH) at 37°C in a humidified atmosphere of 95% air and 5% CO 2 . Thirty-eight paired GC and adjacent non-tumor gastric tissues were obtained from patients who had undergone surgical gastric resection at the First Affiliated Hospital of Xi'an Jiaotong University. Informed consent was obtained from each patient, and the study was approved by the Institute Research Ethics Committee at Cancer Center, Xi'an Jiaotong University. No local or systemic treatment had been conducted before operation. Tissue samples were immediately frozen in liquid nitrogen until RNA extraction.
Quantitative real-time reverse transcription (qRT) PCR
Total RNA was extracted from the cells or tissues with TRIzol reagent (Invitrogen, Carlsbad, CA, USA). PrimeScript RT Reagent Kit (TAKARA, Shiga, Japan) and SYBR Premix Ex Taq II Kit (TAKARA) were used to detect miR-302b-3p and IGF-1R expression according to the manufacturer's instructions. The following primers were used: (IGF-1R-F: 5′-TTTCCCACAGCAGTCCACCTC-3′, IGF-1R-R: 5′-AGCATCCTAGCCTTCTCACCC-3′;  β-actin-F:  5′-CCAACCGCGAGAAGATGA-3′,  β-actin-R:  5′-CCAGAGGCGTACAGGGATAG-3′;  miR-302b-3p-RT:  5′-GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGCACTGGATACGACCTACTAA-3′,  miR302b-3p-F:  5′-ATCCAGTGCGTGTCGTG-3′,  miR-302b-3p-R:  5′-TGCTTAAGTGCTTCCATGTT-3′;  U6-RT:  5′-CGCTTCACGAATTTGCGTGTCAT-3′,  U6-F:  5′-GCTTCGGCAGCACATATACTAAAAT-3′,  U6-R: 5′-CGCTTCACGAATTTGCGTGTCAT-3′). The 2 -DDCt method was used with the RNU6B (U6) gene as a control for miRNA, while the β-actin gene was used as a control for mRNAs. All reactions were performed in triplicate using the IQ-5 Real-Time PCR System (Bio-Rad, Hercules, CA, USA).
Expression vector construction
The miR-302b-3p expression vector was constructed with synthetic oligonucleotides and cloned between the EcoRI and HindIII sites of the pcDNATM6.2-GW/EmGFP-miR vector (Invitrogen). The 3′ UTR of human IGF-1R was constructed using synthetic oligonucleotides and cloned between the SacI and XhoI sites of the pmirGLO Dual-Luciferase miRNA Target Expression Vector (Promega, Madison, WI, USA). The inhibitor of miR-302b-3p (anti-miR-302b-3p) and small interfering RNA (siRNA) targeting IGF-1R (si-IGF-1R) were purchased from Gene-Pharma (Shanghai, China). All vector sequence information is as follows: 
Bioinformatic analysis
High-throughput expression analysis of IGF-1R was performed with The Cancer Genome Atlas (TCGA) database and information for human miR-302b-3p was registered and obtained in miRBase. miRNA targets were predicted using 3 publicly available programs: TargetScan, miRanda, and PicTar.
Dual-luciferase assay
The IGF-1R-3′ UTR-wt vector or IGF-1R-3′ UTR-mut vector were co-transfected with miR-302b-3p into the HEK293 cell lines, while the pmirGLO vector was used as a control. Reporter gene assays were performed 24 h later using the Dual Luciferase Reporter assay system (Promega). Normalized firefly luciferase activity was obtained by firefly luciferase activity/Renilla luciferase activity according to the manufacturer's protocol. All experiments were performed at least three times.
Cell-proliferation assay
Cells (5000 cells/well) were seeded into 96-well plates with 100 μL of DMEM and incubated for 24 h. Next, 0.2 mg of DNA plasmid or siRNA was transfected into the cells and the cells were further cultivated for an additional 1-3 days. Cell viability was assessed using the MTT assay on FLUOstar OPTIMA (BMG Labtech, Offenburg, Germany). Each experiment contained 3 replicates and was repeated at least twice. The data are summarized as the mean ± SD.
Cell colony formation assay
Stably transfected cells were seeded at a density of 5 × 10 3 per 6-well plate. After incubation for 1-2 weeks, cell colonies were stained with 0.5% crystal violet for 30 min. The stained cell clones were photographed after excess dye was rinsed off twice with PBS, and the colony number (>10 cells) was recorded to calculate cell cloning efficiency.
Cell apoptosis analysis
Cell apoptosis analysis was performed with the Annexin-V FITC Apoptosis Detection Kit (Invitrogen) according to the manufacturer's instructions. The cells were seeded into 12-well plates at a density of 1 × 10 6 cells per well in triplicate and transfected with DNA plasmid or siRNAs for 24 h, and then examined by flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA). Apoptosis populations were determined using ModFit software. 
Cell cycle analysis
Western blot analysis
Total protein was extracted with lysis buffer (Wolsen, Xi'an, China) from cells harvested 48 h after transfection, separated in 10% SDS polyacrylamide gels, and electrophoretically transferred to polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). Mouse polyclonal anti-IGF-1R (1:1000, Cell Signaling Technology, Danvers, MA, USA), rabbit mAb anti-Akt, anti-phospho-Akt, anti-Bax and anti-Bcl-2 (1:1000, Cell Signaling Technology), rabbit mAb anti-cyclin D1, anti-cyclin A2, anti-CDK2 , anti-CDK6 (1:500, Bioworld Technology), and mouse monoclonal anti-β-actin antibody (1:2000; Cell Signaling Technology) were used for detection with an enhanced chemiluminescence detection system (Pierce, Rockford, IL, USA). The blots were scanned and band density was measured using Quantity One imaging software.
Statistical analysis
Each experiment was repeated at least 3 times independently. The data were presented as the mean ± SD and analyzed using PASW Statistics 18 software (SPSS, Inc., Chicago, IL, USA). Differences or correlations between 2 groups were calculated by Student's t-test or Pearson correlation. P ≤ 0.05 was considered significant.
Results
Aberrant miR-302b-3p expression in human GC
To validate the role of miR-302b-3p in GC, we analyzed the expression in 20 pairs of GC tissue and matched adjacent normal tissue samples by real-time PCR. Compared with normal tissues, significant down-regulation of miR-302b-3p was observed in 85% (17 of 20) of GC samples (Fig. 1A) . Next, we found that miR-302b-3p was down-regulated in the GC cell lines compared to in gastric epithelial cell lines (Fig. 1B) . This observation was consistent with the results for the expression of miR-302b-3p in GC tissues at the RNA level. We examined the correlation between miR-302b-3p levels and clinicopathological factors, but the results were not significant, possibly because of the limited sample size (data not shown). These data suggest that miR-302b-3p functions as a tumor-suppressor in gastric cancer.
IGF-1R is a direct target of miR-302b-3p
We searched for miR-302b-3p target genes using three computer-aided miRNA target prediction programs: TargetScan, PicTar, and miRanda. We found a well-matched miR-302b-3p binding site in the IGF-1R 3′ UTR. Comparison of the human sequence with other species revealed that the targeting sequence was highly conserved among different species (Fig. 2A) . To validate the hypothesis that IGF-1R is a target of miR-302b-3p, a dual-luciferase reporter system containing IGF-1R-3′ UTR-wt and IGF-1R-3′ UTR-mut was used. HEK293 cells were cotransfected with miR-302b-3p and a reporter plasmid or pmirGLO control vector. As a result, miR-302b-3p clearly suppressed the firefly luciferase activity of IGF-1R-3′ UTR-wt at 24 h qRT-PCR analysis of miR-302b-3p expression in normal gastric and gastric cancer cells. The expression of miR-302b-3p was normalized against an endogenous control (U6 RNA). Data were analyzed using a 2 -ΔΔCt approach. All data are shown as mean ± SD for three independent experiments (P*<0.05, P**<0.01). Guo 
compared to the mut-type and control (Fig. 2B ). In addition, we found that overexpression of miR-302b-3p suppressed the expression of IGF-1R at both the mRNA and protein levels (Fig. 2C) . Additionally, transfection of the miR-302b-3p inhibitor increased the expression of IGF-1R in MKN-45 and SGC-7901 cells (Fig. 2D) . We also examined the expression of IGF-1R in 38 paired tissue samples of GC and cancer cell lines. We found that IGF-1R expression was higher in both GC tissues (Fig. 2E ) and cancer cell lines (Fig. 2F ) compared to in their normal counterparts, which is consistent with the results of a high-throughput expression analysis of IGF-1R in the TCGA database (Fig. 2G) . Taken together, the above data suggest that miR302b-3p directly regulates oncogene IGF-1R expression in GC cells.
MiR-302b-3p decreases cell proliferation in SGC-7901/MKN-45 cells
To explore the tumor-suppressor role of miR-302b-3p in GC, SGC-7901/MKN-45 cells were transfected with miR-302b-3p or controls. qRT-PCR was performed to examine the expression levels of miR-302b-3p after transfection with the miR-302b-3p expression vector or inhibitor and control. As expected, more than 40-fold increases in miR-302b-3p expression was observed in both cell lines (Fig. 3A) . To examine the inhibitory role of miR302b-3p in GC cell growth, MTT and colony formation assay were conducted. The results showed that transient overexpression of miR-302b-3p led to inhibition of the growth of SGC-7901/MKN-45 cells at 24, 48, and 72 h after transfection (Fig. 3B) , resulting in fewer and smaller colonies compared to control cells (Fig. 3C) . In contrast, the inhibitor of miR-302b-3p significantly decreased expression (Fig. 3D) , showing adverse effects in both cell lines (Fig. 3E/F) . 
MiR-302b-3p induces G1-S transition arrest by targeting IGF-1R-AKT pathway
Next, to clarify whether miR-302b-3p-induced inhibition of cell proliferation resulted from a blocked cell-cycle checkpoint, SGC-7901/MKN-45 cells were transfected with the miR-302b-3p expression vector or control for 24 h. Overexpression of miR-302b-3p resulted in marked accumulation of the G1-population in both GC cell lines (Fig. 4A) , suggesting that miR-302b-3p blocked the G1-S transition. Reduced expression of miR-302b-3p by the inhibitor induced the cells to enter S-phase (Fig. 4B) . To further investigate the molecular mechanisms of miR-302b-3p-induced cell proliferation repression, we detected the protein expression level of IGF-1R and its downstream regulators by western blotting. Our results showed that miR-302b-3p reduced the expression of IGF-1R protein and phosphorylation of p-AKT at serine 473, whereas protein expression of total AKT remained unchanged (Fig.  4C) . Moreover, we analyzed the protein levels of related G1 regulators after overexpressing miR-302b-3p in SGC-7901 and MKN-45 cells by western blot analysis. Notably, miR-302b-3p reduced the expression of cyclin D1 and CDK6, which are two essential regulators of the G1-S phase transition involved in AKT signaling pathway. These findings suggest that miR302b inhibits the proliferation of GC cells by affecting the IGF-1R/AKT pathways.
MiR-302b-3p induces apoptosis in SGC-7901/MKN-45 cells
In previous experiments, we found that overexpression of miR-302b-3p induced cell apoptosis. Compared with the control group, miR-302b-3p-transfected cells displayed 
genetically unstable cells to survive and accumulate additional mutations that eventually lead to tumorigenesis. We also focused on the apoptosis of GC cells and examined whether miR-302b-3p modified the downstream targets of the AKT pathway related to apoptosis. As a result, suppression of the IGF-1R-AKT pathway by miR-302b-3p promoted apoptosis by activating the proapoptotic protein Bax and inactivating the antiapoptotic protein Bcl-2 (Fig. 5C) .
Silencing of IGF-1R produces effects similar to those of miR-302b-3p overexpression in SGC-7901/MKN-45 cells
As described above, overexpression of miR-302b-3p affects cell proliferation, cycle, and apoptosis in GC cells. We also validated that IGF-1R is a direct target of miR-302b-3p. Therefore, we silenced IGF-1R expression by RNA interference to confirm that IGF-1R is involved in the antitumor effects caused by miR-302b-3p. Based on the mRNA and protein expression levels, IGF-1R was specifically knocked down by siRNA (Fig. 6A) . Moreover, silencing of IGF-1R suppressed cell proliferation and induced S-G2 arrest and cell apoptosis ( Fig. 6B-E) , which followed the same trend as miR-302b-3p in SGC-7901/MKN-45 cells. These results were confirmed by protein expression analysis of the AKT pathway. As shown in Fig. 6F , the expression of IGF-1R protein and p-AKT were suppressed by si-IGF-1R, whereas total AKT remained unchanged. For cell-cycle regulation, si-IGF-1R reduced the expression of cyclin A2 and CDK2. Moreover, siRNA induced apoptosis by activating the proapoptotic protein Bax and inactivating the antiapoptotic protein Bcl-2. Based on these findings, miR302b-3p regulates GC progression by directly targeting IGF-1R through the Akt signaling pathway. 
Discussion
In recent decades, numerous studies have focused on the roles and functions of altered miRNAs in human GC. Approaches using miRNAs are considered to offer novel therapeutic opportunities for cancer [17] . MiR-302b belongs to the miR-302 cluster, which also contains miR-302a, -302a*, -302c, -302c*, -302d, -367, and -367*, and was first found in embryonic stem cells to help maintain stemness by regulating self-renewal and proliferation properties [18, 19] . Most studies of the miR-302 cluster have focused on the maintenance of stemness and ability to reprogram somatic cells into induced pluripotent stem cells [20, 21] . More recently, miR-302 was reported as a new tumor suppressor in several types of tumors. In cervical cancer cells, the miR-302-367 cluster was not endogenously expressed and its ectopic expression inhibited cell proliferation and tumor formation both in vivo and in vitro [22] . In addition, miR-302 was reported to inhibit human pluripotent stem cell tumorigenicity by enhancing multiple G1 phase arrest pathways [23] . However, few studies have examined miR-302b in GC and there are no data for miR-302b in TCGA database according to expression profile analysis. We found that miR-302b-3p was frequently downregulated in both GC tissues and cell lines, which is consistent with the results of recent studies [24] . Additionally, miR-302b expression led to inhibition of cell proliferation and clonogenicity and induced G1-S transition arrest as well as cell apoptosis in both GC SGC-7901 and MKN-45 cell lines. In contrast, loss of function studies were performed using anti-miR-302b-3p oligonucleotides to silence miR-302b-3p expression. The inhibitory effect revealed a clear contribution to the tumorigenicity of GC cells. These results indicate that miR-302b-3p is a novel tumorsuppressor miRNA in GC.
Furthermore, we identified IGF-1R as a direct target of miR-302b-3p. IGF-1R is a transmembrane receptor tyrosine kinase mainly activated by IGF1 or IGF2 through autocrine and paracrine pathways [25, 26] and is frequently overexpressed in human melanoma [27] , head and neck cancer [28] and non-small cell lung cancer [29] , suggesting that IGF-1R contributes to the initiation and progression of malignancies. In this study, through TCGA database analysis, we found that IGF-1R was overexpressed in 26 paired GC tissues. To confirm this, qRT-PCR and western blotting were conducted to detect IGF-1R expression in 38 paired GC tissues and 2 GC cell lines. The results showed that IGF-1R was overexpressed in GC. Further bioinformatics analysis revealed that miR-302b-3p has a well-matched binding site at the 3′ UTR of IGF-1R. Dual-luciferase reporter assays demonstrated that miR-302b-3p directly targeted IGF-1R by increasing IGF-1R mRNA expression and inhibiting IGF-1R translation.
IGF-1R has been reported to bind adaptor molecules such as insulin receptor substrates and Shc in an activated manner, which triggers multiple downstream signaling cascades, particularly phosphatidylinositol 3-kinase/AKT signaling pathways associated with resistance to apoptosis, increased cell growth, cell proliferation, and metabolism [30] [31] [32] . However, it remains unclear which downstream targets are most critically related to IGF-1R induced hyper-activation of Akt for tumorigenesis in GC. In our study, IGF-1R was inhibited by the forced expression of miR-302b-3p and siRNA, which resulted in decreased phosphorylation of AKT. Previous studies showed that AKT phosphorylation is essential for cell cycle phase transition [33] . Considering the regulation of the cell cycle transition caused by miR-302b-3p and IGF-1R siRNA, we evaluated the effects on the AKT downstream cycle regulators cyclin D1/CDK6 and cyclin A2/CDK2 [34] , which are key transcriptional factors in the G1-S and S-G2 transitions, respectively. The results revealed reduced expression levels of CDK6 and cyclin A2/CDK2 in SGC-7901/MKN-45 cells transfected with miR-302b-3p or si-IGF-1R. Although there were limited differences in cycle performance, which may be related to the multi-targeting effects of miRNA, further studies should examine the detailed mechanisms of these effects. Similarly, we found that the miR-302b-3p-induced IGF-1R-AKT pathway plays an important role in regulating the Bcl-2 and Bax family, as previously described [35] . Guo 
